[1] The surface materials of Acidalia and Chryse planitiae, Mars, have been variably interpreted morphologically as basalt and compositionally as andesite or altered basalt. A thorough survey using the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) near-infrared spectrometer reveals olivine and high-calcium pyroxene signatures in the shallow subsurface exposed by impact craters. These signatures indicate that the near surface of these regions are primarily basaltic in nature and are similar to other regions of Hesperian volcanism across Mars (e.g., Syrtis Major). Previous spectroscopic studies using coarser-resolution data sets have failed to identify these mafic signatures due to obscuration of the underlying material in addition to the relatively small-scale exposures in impact craters. The nature of the surficial obscuration material is likely multifaceted and includes the deposition of latitude-dependent mantling material and the presence of alteration rinds. This observation shows that the northern plains of Mars are basaltic and must be factored into the thermal and surficial evolution of Mars.
Introduction
[2] The northern plains of Mars in the region of Acidalia and Chryse planitiae have experienced volcanism , sedimentary deposition , and the effects of recent climate change [Mustard et al., 2001; Costard et al., 2002] . The chemistry and mineralogy of this large dust-free region is thus crucial toward understanding the evolution of the planet as a whole. Previous studies of orbital spectroscopic data have variably interpreted these materials as representing either primary (basaltic [e.g., Karunatillake et al., 2006] to andesitic [e.g., Bandfield et al., 2000] ) or secondary (partly altered basalt [e.g., Wyatt and McSween, 2002] ) surface compositions. Reconciling these different compositional interpretations will help to both unravel the complex geologic processes of the northern lowlands and better constrain the diversity of igneous and aqueously altered materials on Mars. This paper addresses these questions by placing new high-resolution data sets from the Mars Reconnaissance Orbiter (MRO) into geologic context to explore stratigraphic compositional relationships.
[3] The formation of the northern lowlands has been attributed to tectonism [Wise et al., 1979] , mantle convection [Zhong and Zuber, 2001] , or impact processes [Wilhelms and Squyres, 1984; Frey and Schultz, 1988; Nimmo et al., 2008] early in Martian history. The northern plains are underlain by a Noachian basement, evident by the identification of quasi-circular depressions in Mars Orbiter Laser Altimeter (MOLA) data [Frey et al., 2002] and exposed Noachian-aged material in central Acidalia Planitia [Tanaka et al., 2005] . The late Noachian and early Hesperian epochs mark the beginning of widespread volcanism across much of the northern plains . The subsequent formation of wrinkle ridges is due to added stress from the Tharsis edifice and strain produced by large impact basins. Models and stratigraphic relationships suggest that these Hesperian ridged plains have an average thickness between 800 and 1000 m .
[4] Following the widespread volcanism in the early Hesperian, numerous secondary geologic processes began modifying the northern plains. The formation of the circumChryse outflow channels resulted from the intense and episodic discharge of groundwater [Rotto and Tanaka, 1995; Dohm et al., 2001; Tanaka et al., 2005] . Whether these materials were deposited in a standing body of water [Baker et al., 1991] , as an ice-dominated unit [Carr, 1996; Clifford and Parker, 1999; Clifford and Parker, 2001 ], or as sedimentdominated effluents has additional implications regarding the modification of the northern plains. While the development of the Vastitas Borealis Formation (VBF) has been attributed to the outflow channel sediments [Parker et al., 1989 [Parker et al., , 1993 Baker et al., 1991; Tanaka, 1997] and/or a sediment-laden sublimation residue , Tanaka et al. [2005] argue that the relatively young age of the VBF suggests that post-outflow channel climatic variations have resulted in extensive modification of the VBF. Other geomorphic evidences suggests that the VBF was and possibly still is rich in volatiles. Polygonally patterned terrain and "ghost craters" are present throughout the unit and may represent the mantling and subsequent dessication and relaxation of the volatile-rich VBF [McGill and Hills, 1992; Kreslavsky and Head, 2002] . Most recently, climatic processes and limited tectonism have been the primary means of surface modification [Tanaka et al., 2005] . Chaotic variations in Mars' orbit allow the climate to vary significantly over the 10 6 -10 7 year time scales [Laskar et al., 2002 [Laskar et al., , 2004 . The widespread latitude-dependent mantles (LDM) in both the Northern and Southern Hemispheres are thought to be icerich sediments in which water ice occupies soil pore space [Mustard et al., 2001; Costard et al., 2002] . This vast reservoir of water ice is assumed to have been deposited during the most recent period of high orbital obliquity when water ice was much more stable at high latitudes [Mustard et al., 2001; Head et al., 2003; Costard et al., 2002] .
[5] Orbital and in situ observations of Acidalia and Chryse planitiae have provided scientists with a wealth of spectroscopic and chemical data with which to better understand the surface composition. The Thermal Emission Spectrometer (TES) onboard the Mars Global Surveyor (MGS) spacecraft [Christensen et al., 2001 ] identified a unique mineralogy across much of the northern plains. Termed Surface Type 2 (ST2), its spectral deconvolution indicates a higher abundance of silica-rich amorphous materials [Bandfield et al., 2000; Wyatt and McSween, 2002; Michalski et al., 2005] compared to Surface Type 1 (ST1), which is widely accepted to represent unaltered basalt [Bandfield et al., 2000] . The true nature of the TES ST2 spectra has been a particular topic of debate. The original interpretation by Bandfield et al. [2000] that ST2 is andesitic suggests that the surface of the northern plains is more evolved than the typical basalts found elsewhere across the surface of Mars. Another interpretation by Wyatt and McSween [2002] , Wyatt et al. [2004] , and Michalski et al. [2005] suggest the presence of partially altered basalt and thin alteration coatings of silica-rich materials across the northern plains. Rogers and Christensen [2003] also identified isolated regions of ST1 dispersed throughout regions mapped as ST2. These small regions of ST1 were identified to be basaltic dunes that have accumulated in topographic depressions, primarily impact craters [Rogers and Christensen, 2003] . Analyses of rocks at the Mars Pathfinder landing site were also interpreted as either andesitic or basaltic with possible weathering rinds and no observable crystalline alteration products [McSween et al., 1999] . The gamma ray spectrometer (GRS) onboard Mars Odyssey (MO) [Boynton et al., 2004] determined that the upper one meter of regions identified as ST2 are not significantly enriched in Si compared to ST1 [Karunatillake et al., 2006] . The Observatoire pour la Minéralogie, l'Eau, les Glaces, et l'Activité (OMEGA) spectrometer on the Mars Express (MEx) spacecraft [Bibring et al., 2004] was unable to detect strong mafic signatures and found that this region was dominated by a decrease in reflectance with increasing wavelength (termed a blue slope) in the near infrared (NIR) [Mustard et al., 2005; Poulet et al., 2009] . Neither TES nor OMEGA detected crystalline alteration products or hydrated mineral phases across Acidalia or Chryse planitiae [Bandfield et al., 2000; Mustard et al., 2005] . In addition, the measured K/Th ratio of the northern plains by GRS is not elevated relative to the rest of Mars, indicating that either widespread aqueous alteration at near-neutral pH has not occurred, that aqueous alteration has only occurred under extremely acidic (low pH) conditions [Karunatillake et al., 2006] , or that any alteration layer is too thin to be detected by GRS. [Boynton et al., 2007] Understanding the nature of ST2 will help to determine the petrologic evolution of Mars in addition to the influence of climate on the surface and its ability to be observed using different orbital spectrometers with variable spatial resolutions and sampling depths.
[6] The suite of instruments onboard MRO are designed to interpret the geology of the Martian surface at the highest spatial and spectral resolutions yet. The Context Camera (CTX), the High-Resolution Imaging Science Experiment (HiRISE) camera, and the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument can help to investigate the surface and subsurface stratigraphy and composition. Of particular importance is determining whether the VNIR spectra of the subsurface of Acidalia and Chryse planitiae are similar to the surficial measurements made by the OMEGA. Answering this fundamental question could shed new light on the spectroscopic and mineralogic nature of ST2.
[7] In this study, we use the high-resolution Mars Reconnaissance Orbiter suite of instruments to characterize the mineralogic, morphologic, and stratigraphic nature of Acidalia and Chryse planitiae to better constrain the geologic setting of identified compositions. The CRISM instrument is primarily used to identify the spectrally dominant mineral phases present throughout the study region. Of particular interest is the spectroscopic nature of the subsurface as revealed in the ejecta and walls of impact craters. Impact craters provide a unique opportunity to assess the structure and mineralogy of the subsurface. With a maximum spatial resolution of roughly 20 m pix −1 , the CRISM instrument is the first orbital spectrometer in Martian orbit that can determine the mineralogy of individual layers within crater walls. The results of this study are then tied back into the regional history of the northern lowlands to better understand the global evolution of Mars throughout its geologic history.
Methods
[8] The study region was selected to incorporate the majority of Acidalia and Chryse planitiae while avoiding highland terrains associated with the dichotomy boundary. OMEGA imagery was first analyzed to characterize the broad variability of the study region. Local compositional heterogeneities were also documented, although investigations using the OMEGA imagery were unable to truly characterize these variations due to the instrument's coarse spatial resolution. As a result, CRISM imagery was used to investigate any local compositional variations. These NIR data sets are extremely useful for identifying ferromagnesian and hydrated mineral species that are common in Mars' basaltic crust and its aqueously altered Noachian terrain, respectively.
[9] All available CRISM targeted images and mapping tiles as of 1 January 2009 were analyzed to interpret the mineralogy of the surfaces from the spectral signatures of Acidalia and Chryse planitiae. The 60 CRISM mapping tiles in our study region provide approximately 80% coverage at spatial resolutions of roughly 230 m pix at half resolution [Murchie et al., 2007a] . While the multispectral mapping tiles are evenly spaced and span (but do not completely cover) the entire study region, a map of the locations of the 179 targeted CRISM observations is shown in Figure 1 . The CRISM instrument consists of 544 visible and near-infrared (0.4-4.0 mm) channels. Targeted images utilize all 544 channels, while the mapping products utilize 72 channels [Murchie et al., 2007a] . For each spectrum shown in this paper, the CRISM image, center pixel, number of averaged pixels, and several photometric variables associated with each spectrum are provided in Table 1 .
[10] Surface spectral radiance received at the sensor as raw units of digital numbers (DN) are converted to units of radiance (I/F) as discussed in the work of Murchie et al. [2007a] . CRISM I/F data were photometrically corrected to remove illumination effects. This photometric correction is done by dividing the data by the cosine of the incidence angle, assuming the surface behaves as a Lambertian surface. Each CRISM targeted image is projected onto a MOLA shape model to determine geographic, topographic, and photometric information necessary for map projection and for photometric corrections [Murchie et al., 2007a] . Additional information regarding the photometric corrections can be found in the work of Murchie et al. [2007a Murchie et al. [ , 2007b Murchie et al. [ , 2009 .
[11] Variations in viewing and illumination geometry can significantly influence mineral abundance calculations in the near-infrared spectral region [DeGrenier and Pinet, 1995; Cord et al., 2005; Domingue and Vilas, 2007] . However, no false absorption features are created by topographic or photometric effects [Domingue and Vilas, 2007] . Quantitative assessments of mineralogic abundances must account for variations in viewing and illumination geometry, but mineral identification, including broad crystal field absorptions associated with mafic silicate minerals, is not complicated by photometric variations.
[12] Atmospheric effects due to absorptions by atmospheric gases were removed from the data using the volcano scan correction method [Mustard et al., 2005; McGuire et al., 2009] . This method derives a spectrum of the transmission of the Martian atmosphere by ratioing spectra from the base to the peak of Olympus Mons from a single CRISM observation [Mustard et al., 2008] . Because both of these regions are spectrally neutral due to their ubiquitous dust cover, the resultant ratioed spectrum cancels out surface spectral properties and is a reasonable approximation of the transmission of the atmosphere at the time of the observation. The atmospheric spectra are then scaled to the atmospheric path length of each CRISM observation based on the strength of the 2.0 mm CO 2 absorption feature. The CRISM spectra are then divided by the scaled atmospheric transmission spectrum, which removes absorptions due to atmospheric gases. Lastly, the spectral cubes were spatially and spectrally filtered to remove any additional instrumental artifacts [Parente, 2008] .
[13] CRISM multispectral parameters were used to first identify regions of interest in both mapping tiles and targeted images. These parameters are created to be sensitive to the presence of particular absorptions or spectral properties that are commonly correlated to particular minerals [Pelkey et al., 2007] . While the depth of absorption features associated with mineral spectra typically scale with mineral abundances, the particle size, albedo, and the presence of complex mineral assemblages complicate this relationship [Clark and Roush, 1984] . Because these spectral parameters can be nonunique, detailed spectroscopic analyses were also performed to verify the mineral detections derived from the multispectral parameters. Spectral ratioing was used as the The center pixel locations are for unprojected CRISM data. The first center pixel value is for the visible data, and the second center pixel value is for the infrared data. Regions of interest (ROIs) are nonrectangular collections of pixels and their center pixels are given. The slopes, solar phase angles, and solar incidence angles presented for the ROIs are those of the central pixels.
primary technique for removing residual atmospheric signals and systematic artifacts inherent to the instrumentation [Mustard et al., 2005 Ehlmann et al., 2009] . This technique divides a spectrum of interest by a featureless (or "neutral") spectrum, which suppresses residual instrumental and atmospheric artifacts. The neutral spectra are taken from regions that exhibit no unique spectral features indicative of crystalline mineralogies. The net result is the enhancement of diagnostic spectral features in the numerator spectrum. While spectral ratioing has the potential to introduce features inherent to the denominator spectra (e.g., inverse mineralogic absorption features), care has been taken to ensure that only featureless denominator spectra were used in this study. The utility of ratioing orbital near-infrared spectra to better identify mafic mineralogies was first shown using OMEGA data [Mustard et al., 2005] . When possible, the numerator and denominator spectra are also collected from within the same columns in individual CRISM scenes. This technique suppresses artifacts associated with the design of the CRISM sensor's pushbroom array . Spectral averages were utilized throughout this study to decrease the presence of spectral artifacts.
[14] Parameters for each CRISM multispectral tile and targeted observation were analyzed, with the most attention being paid to OLINDEX, HCPINDEX, LCPINDEX, and BD1900, which are used to identify the presence of olivine, high-calcium pyroxene, low-calcium pyroxene, and narrow 1.9 mm absorption features of adsorbed or condensed H 2 O, respectively (Table 2) [Pelkey et al., 2007] . These parameters indicate the presence of the most common mafic minerals found on Mars as well as alteration signatures associated with aqueous weathering. During the analysis, it was determined that OLINDEX performed poorly in areas with a strong spectral slope [Salvatore et al., 2009] . The NIR blue slope, originally discovered by OMEGA, is pervasive across much of the study region and severely complicates the identification of olivine using the OLINDEX parameter. OLINDEX is designed to measure the depth of olivine's broad absorption centered near 1.0 mm based on a horizontal line indicating the spectrum's reflectance at 1.695 mm (Figure 2a and Table 2 ). This parameterization is . Olivine is only correctly identified when the slope of the spectrum is accurately modeled. The spectral peak near 2.00 mm is an anomaly created by imperfections in the atmospheric correction.
adequate for laboratory measurements of olivine and olivine mixtures where the spectral slope is not significant. In regions exhibiting a spectral slope, however, this parameter fails to accurately measure olivine's 1.0 mm band depth, making it difficult to compare regions within the same CRISM scene. Figure 2a shows that the depth of olivine's broad 1 mm absorption feature is not accurately measured in regions with a strong spectral slope. To mitigate this problem, we developed a modified olivine parameter, OLINDEX2, to measure olivine's 1.0 mm band depth in the presence of spectral slopes (Figure 2b ). For OLINDEX2, a line is fit to a spectrum using the reflectance values at 2.404 and 1.750 mm. This line is then used to determine the expected values at 1.050, 1.210, 1.330, and 1.470 mm, the same wavelengths utilized in the original OLINDEX. The difference between the expected reflectance values and the actual reflectance values are then multiplied by the same weights as the original OLINDEX (Table 2 ). The result is an olivine parameter that is not sensitive to spectral slope or variations in observed albedo. Figure 3 compares the OLINDEX and OLINDEX2 parameters calculated for the same CRISM targeted image. Region A is shown to have no olivine present in OLINDEX, while OLINDEX2 shows that olivine is present. In this instance, the spectral slope complicates the identification of olivine when using OLINDEX and the OLINDEX2 parameter correctly verifies the mineralogy. Region B is accurately shown as containing olivine in both the OLINDEX and OLINDEX2 parameters due to the prominent 1 mm absorption feature seen in the numerator spectrum and the relatively weak spectral slope. Olivine is falsely identified by OLINDEX in Region C, but this region is shown not to contain olivine using OLINDEX2. This false positive in OLINDEX is due to an increase in albedo shown in the infrared albedo (IRA) albedo parameter. This elevated Figure 3 . Comparison of the infrared albedo (IRA) parameter, OLINDEX, and OLINDEX2. CRISM image HRL00006247 of Púnsk Crater is used in an example. The location of the numerator spectra for sites A, B, and C are labeled as A(n), B(n), and C(n), respectively, while the location of the denominator spectra for sites A, B, and C are labeled as A(d), B(d), and C(d), respectively. The acquired spectra for each site are presented at the bottom. This example illustrates that OLINDEX2 correctly shows the distribution of olivine throughout the scene, while OLINDEX is incorrectly influenced by the spectral slope and variations in albedo. The solar illumination angle is shown to the left of the IRA parameter map (gray arrow). albedo alters the shape of the spectrum and often results in incorrect olivine detections.
Results
[15] OMEGA observations of Acidalia and Chryse planitiae revealed the broad extent of the spectral slope across the study region. However, small areas of weak to absent spectral slopes were observed to be mainly associated with impact craters. Further detailed analyses revealed that these regions were associated with the presence of mafic minerals, although a clear geologic context of these mineralogies was unable to be determined due to the coarse spatial resolution of the OMEGA instrument. As a result, CRISM spectral data were used to further investigate the presence of mafic mineralogies and their relationship to a weakened spectral slope.
[16] Consistent with OMEGA observations, the CRISM data show a pervasive NIR blue slope across much of the study region. The surface lacks obvious primary or secondary mineral absorption features, and the subsurface mineralogy is effectively obscured at regional scales. However, mafic signatures were identified upon further inspection of many impact craters throughout the study region. The mafic signatures observed throughout Acidalia and Chryse planitiae are primarily olivine with lesser amounts of clinopyroxene. [17] In total, 4377 craters were observed with CRISM data throughout the study region; 126 were identified in CRISM targeted images, while the remaining craters were identified with CRISM mapping tiles with some targeted image overlap. These craters range in diameter from 0.3 to 67.1 km. Of the 4377 craters, 182 craters in Acidalia and Chryse planitiae were found to have mafic signatures associated with in situ bedrock material (i.e., not associated with mobile dunes or other wind-blown accumulations), 38 of which were identified using CRISM targeted imagery. Figure 4 shows the location of all craters observed in both the CRISM multispectral mapping tiles and targeted observations in Acidalia and Chryse planitiae (black dots) and those which were found to exhibit mafic signatures (white dots). The mafic signatures associated with these craters were first identified using the OLINDEX2 and HCPINDEX spectral parameters and then verified by detailed spectral analyses. The availability of targeted CRISM images is likely the limiting factor in the identification of mafic mineralogies. The additional acquisition of targeted images of impact craters throughout the region will likely reveal the presence of many more craters that show underlying mafic compositions.
[18] The percentage of craters that reveal mafic signatures shows an apparent relationship with latitude. At latitudes lower than 30°N, 6%-8% of craters show mafic signatures. The percentage of craters showing mafic signatures steadily decreases with increasing latitude to less than 2% at latitudes greater than 50°N (Figure 5a ). Additionally, there is a strong relationship between crater size and the percentage of craters with observed mafic mineralogies (Figure 5b) . The lesser number of small craters that show mafic signatures, however, may be the result of the inability for CRISM to detect thin layers of mafic material along the walls of small craters using the lower-resolution mapping tiles. This sampling bias may be resolved by acquiring high-resolution CRISM images of craters observed in mapping tiles to verify that they lack mafic signatures.
[19] HiRISE and CTX data were used to better constrain the relationship between the presence of mafic signatures and crater size and latitude. The presence of olivine and clinopyroxene appears to be associated with distinct bedrock layers that are well defined in southern Acidalia and Chryse planitiae and less defined and better obscured in northern Acidalia Planitia. In Chryse Planitia and southern Acidalia Planitia, mafic signatures are found in exposed near-surface layers within crater walls. Using HiRISE and CTX data in conjunction with CRISM reveals that these mafic layers are present within several meters to tens of meters of the undisturbed surface. Further north into central and northern Acidalia Planitia, the mafic signatures become absent from near-surface layers in crater walls and are restricted primarily to crater ejecta and central peaks. Additionally, there is a strong preference in observed mafic signatures along equator-facing slopes, while these signatures are generally absent or extremely subdued along pole-facing slopes.
Representative Observations
[20] In this section, craters exhibiting mafic signatures are analyzed and their relevance and context within the study region are discussed. The examples are arranged in order of increasing latitude to highlight the latitudinal variations observed throughout the study region. They are also representative of craters at their particular latitude and capture in detail the geologic relationships between the observed composition and stratigraphy.
[21] CRISM image FRT00009A9A of Naar Crater in Chryse Planitia (22.87°N, 317.80°E) is shown in Figure 6 and is a prime example of low-latitude craters in the study region. The image on the left is an OLINDEX2 parameter map where brighter shades of gray indicate a stronger 1 mm olivine absorption feature and darker shades of gray indicate a weaker 1 mm feature. OLINDEX2 shows distinct enrichments in olivine along the northeastern wall of the crater (Figure 6) . This enrichment was then verified using detailed spectroscopic analyses to ensure that olivine was the mineral being detected (Figure 6) . A more detailed look at this region reveals a distinct sequence of mafic mineralogies at different stratigraphic horizons within the crater wall and central peak, as shown in Figure 7 . Material exposed in the crater wall (units 1-4) and central peak (unit 5) alternate between olivine-and clinopyroxene-bearing; units 1 and 3 are dominated by olivine, while units 2 and 5 are dominated by clinopyroxene. Unit 4 consists primarily of talus material derived from the crater wall (as shown in HiRISE data) and shows evidence of both olivine and clinopyroxene in its spectrum. The structure of this sequence appears to be associated with both preimpact stratigraphy and the overturned flap of the crater ejecta as sketched in Figure 8 . In this sketch, unit 1 is clinopyroxene-bearing and was originally located closest to the surface prior to crater formation. Unit 2 is olivine-bearing and is now the closest unit to the surface due to the development and preservation of an overturned flap during crater formation. The talus appears to be derived from both units, although the olivine signature appears to be the dominant spectral signature. We believe that the same stratigraphy is present along the pole-facing crater wall and slope, although no mafic signatures have been identified due to the presence of an obscuration layer ( Figure 6 ). The abundance of mafic mineralogies evident in both shallow material (crater wall) and at depth (central peak) indicates that the majority of this region is dominated by olivine-and clinopyroxene-bearing materials.
[22] Lismore Crater in central Chryse Planitia (26.79°N, 318.38°E) is a relatively fresh impact crater with strong mafic signatures throughout its ejecta deposit and in portions of exposed bedrock on the crater floor (Figure 9 ). Olivine and lesser amounts of clinopyroxene are present in the majority of the ejecta deposit, while the surrounding plains and the majority of the crater interior do not show any mafic signatures. Alteration rinds and thin coatings derived from outflow channel sediments or the margin of the VBF may be responsible for the obscuration of mafic signatures in the plains material. Alternatively, the accumulation of aeolian material within the crater itself may account for the lack of mafic signatures seen within the crater. However, some mafic minerals are observed in talus material derived from the crater rim and along the equator-facing side of bedrock exposures along the crater floor.
[23] An obvious muting of mafic signatures is observed in the mid-latitudes of the study region, as is seen in CRISM image HRL00009801 of an unnamed crater located at 47.92°N, 323.68°E. While clinopyroxene was not detected in this crater, olivine was found to be widespread throughout both the crater wall and ejecta (Figure 10 ). The discontinuous and patchy appearance of olivine in the crater ejecta appears to be due to the presence of a mantling unit that obscures the exposed blocky ejecta material. Also evident is the orientation preference of the olivine signature. The majority of equator-facing slopes, including the exterior slope of the southern rim, show enrichments in olivine, while nearly all pole-facing slopes are deficient in olivine. In addition, the observed olivine enrichment cannot be associated with a distinct stratigraphic unit due to the presence of mantling material along the crater rim and wall. However, the presence of olivine within the crater ejecta and associated with talus slopes and gullies derived from the crater wall imply that olivine is present at relatively shallow depths.
[24] An unnamed crater located at 61.33°N, 311.44°E lacks mafic signatures associated with material along the wall and rim of the crater. However, olivine and, to a lesser Figure 6 . CRISM image FRT00009A9A OLINDEX2 parameter of Naar Crater in Chryse Planitia (22.87°N, 317.80°E) with its associated numerator, denominator (from sites n and d, respectively), and ratioed spectra. (a) The spectra from the equator-facing slope show a strong olivine absorption feature, while (b) the spectra from the pole-facing slope lack mafic absorption features. Figure 7 . A more detailed look at the mafic signatures observed in Naar Crater. The top left image is an IRA parameter of CRISM image FRT00009A9A. The top right image is a subset of HiRISE image PSP_007046_2030. Each spectrum corresponds to its associated number in the images above. extent, clinopyroxene were detected in the crater's central peak in CRISM image FRT0000A98F (Figure 11 ). Mafic mineral-bearing talus slopes are also observed eroding from the central peak material and accumulating as transverse aeolian ridges along the margins of pyroxene-bearing sand dunes on the crater floor. The significance of this stratigraphy and structure are discussed below.
Discussion
[25] The identification of olivine and pyroxene throughout Acidalia and Chryse planitiae indicate that the observable subsurface of the region is primarily basaltic in composition. This observation is consistent with other regions of Hesperian-aged volcanism on Mars, including Syrtis Major [Baratoux et al., 2007] . Processes, likely driven by climatic variations, have resulted in the masking of mafic signatures from the uncratered surface of the study region by either thin rinds/coatings or debris accumulation. It is this process that has hindered previous regional NIR and TIR spectroscopic studies from identifying the true primary mineralogy of this relatively dust-free region. Studies of Gusev Crater since Mars Exploration Rover Spirit's landing in early 2004 have shown that obscuration layers can significantly influence orbital remote sensing while thin enough to not significantly influence thermal properties of the surface [Lichtenberg et al., 2007; Jehl et al., 2008] .
[26] The identification of mafic minerals only in certain orientations suggests that insolation also plays a role in the creation and preservation of obscuration layers or units. Mustard et al. [2001] hypothesized that the latitudedependent mantle observed at mid-latitudes and high latitudes is an ice-rich unit emplaced during periods of high obliquity. If this unit is ice-rich, the intense insolation experienced on equator-facing slopes would likely act to more efficiently sublimate the ice and disaggregate the mantling unit, allowing it to be more easily and efficiently removed [Costard et al., 2002] . This process would act to expose more pristine bedrock material. In addition, the interaction of water with mineral grains to form weathering rinds requires minor amounts of liquid water present on the grain surfaces [Tréguier et al., 2008; Berger et al., 2009] . The intense insolation experienced on equator-facing slopes might prevent liquid water from being stable for long enough to create such weathering rinds. The mafic signatures observed in Naar Crater are good examples of their preferred preservation along equator-facing slopes (Figure 8 ). Future research must be done regarding the stability of trace amounts of liquid water on equator-and pole-facing slopes to determine the probability and capability of creating weathering rinds under these conditions.
[27] Thin surficial weathering rinds present at a regional scale are likely the source of the enriched silica measurements obtained by the TES instrument. Because TES can Figure 9 . CRISM image HRL0000C1D3 OLINDEX2 parameter of Lismore Crater in Chryse Planitia (26.79°N, 318.38°E) with its associated numerator, denominator (from sites n and d, respectively), and ratioed spectra. Figure 10 . CRISM image HRL00009801 OLINDEX2 parameter of an unnamed crater in central Acidalia Planitia (47.92°N, 323.68°E) with its associated numerator, denominator (from sites n and d, respectively), and ratioed spectra.
only observe the outer tens of microns of the surface, it is only able to observe the thin silica rinds that are coating the rock and grain surfaces. As a result, the true composition of the surface is obscured. Only when this surface is removed (by mass wasting of steep slopes, for example) can the true mineralogy of the surface be examined. Minitti et al. [2007] analyzed the interiors and weathering rinds of five glass-rich basalts from Hawaii and characterized their spectra in both the NIR and TIR. Their analyses yielded results that are consistent with OMEGA NIR observations of Acidalia Planitia in addition to TES TIR observations of the same region [Minitti et al., 2007] . NIR spectroscopic studies performed by our group on an olivine-bearing glassy basaltic sample from Hawaii uncovered similar results (Figure 12 ). The spectrum of the weathered basaltic surface exhibits a similar NIR blue slope to those seen in Acidalia and Chryse planitiae in addition to those observed by Minitti et al. [2007] . The interior of the sample shows a broad 1 mm olivine absorption, while the individual olivine absorption features at 0.86, 1.06, and 1.33 mm are not resolved as distinct minima (Figure 12 ). This observation is similar to that of olivine-bearing spectra on Mars where these individual absorption features are also not commonly resolved as distinct minima. This observation reveals that the presence of a surficial weathering rind can readily obscure strong mafic signatures just microns below the surface.
[28] Gamma ray spectrometer (GRS) measurements show that widespread tertiary crust is not present on the Martian surface [Taylor et al., 2006] . This observation discounts the presence of exposed andesitic crust that was the product of subduction zone volcanism. Additionally, SNC meteorites lack any evidence of andesite despite their appropriate ages and assumed origin from the northern plains [McSween, 1985] . If andesite is present on Mars, it is not present in widespread deposits across the northern plains nor is it represented in Martian meteorites.
[29] The observation of mafic minerals solely in the central peaks of craters at high latitudes can be explained by two possible scenarios: (1) the depth to the mafic stratigraphic layer becomes deeper with increasing latitude or (2) latitude-dependent climatic processes have efficiently masked the mafic signatures from all but the steepest slopes (i.e., along the crater's central peak) and the currently active dune features. While continuous latitude-dependent mantles are common at these latitudes, mass wasting along the crater wall and rim has not exposed mafic signatures. As a result, it is likely that the depth to the mafic stratigraphic layer is deeper at higher latitudes. This hypothesis is bolstered if the VBF is, in fact, composed of outflow channel sediments and effluents, which would become thicker at greater distances from the outflow channels and in topographically low regions, both of which are consistent with the high-latitude portions of Acidalia Planitia. While GRS measurements have constrained the chemistry of the VBF and surficial units in Acidalia and Chryse planitiae, the exact mineralogy of this region remains ill-determined. Constraining the mineralogy of this region is of the utmost importance for understanding the nature of the eroded source region in addition to the nature of the obscuration material superimposed on the Hesperian-aged volcanics of Chryse and Acidalia planitiae.
[30] The stratigraphy of the study region can be subdivided into at least two unique regions (Figure 13 ). At lower latitudes, the mafic Hesperian-aged volcanics are obscured by weathering rinds and a relatively thin layer of outflow channel-derived sediments (Figure 13a ). This is evident from the ease of which mafic minerals are excavated by relatively small craters and the preserved mafic stratigraphy at shallow depths along larger crater walls. At midlatitudes and high latitudes, outflow channel sediments become thicker (due to the lower topography and the distance from the channel mouths) and latitude-dependent mantles become more developed (Figure 13b) . As a result, detailed mafic-bearing stratigraphy is no longer observed in crater walls and the presence of mafic minerals in crater ejecta is often muted or masked by latitude-dependent Figure 11 . CRISM image FRT0000A98F OLINDEX2 parameter of an unnamed crater in northern Acidalia Planitia (61.33°N, 311.44°E) with its associated numerator, denominator (from sites n and d, respectively), and ratioed spectra.
mantles. Near the northernmost extent of the study region, the outflow channel-derived sediments and latitude-dependent mantles likely reach a few kilometers in thickness, obscuring the underlying Hesperian-aged volcanic material in all but the central peaks of the largest impact craters.
[31] The extensive surface modification and stratigraphic variation with latitude is in agreement with all previous spectroscopic and geomorphic studies of Acidalia and Chryse planitiae. Following the creation of the dichotomy boundary, basaltic lava flooded the region during the late Noachian and early Hesperian epochs. Subsequent modification and sedimentary deposition during outflow channel formation capped the basaltic substrate with a veneer of material whose thickness varies with latitude. Post-outflow channel modification, including climate-related processes and the development of the VBF, further obscured any geomorphic or spectroscopic evidence of the underlying basaltic materials. Only recently in the detailed analysis of craters at high spatial resolutions can the basaltic composition of the Hesperian ridged plains be observed. If this region was andesitic, alternative models regarding the thermal and magmatic evolution of Mars would be required to explain the observed compositions [e.g., Médard and Grove, 2006] . However, the identification of basalts across Chryse and Acidalia planitiae fits well with the current paradigm regarding the evolution of the Martian mantle and its surface expression.
Conclusions
[32] As of 1 January 2009, the CRISM instrument had detected 182 craters in Acidalia and Chryse planitiae that reveal mafic signatures. The extent of these signatures across the study region was identified using CRISM mapping tiles, which cover approximately 80% of the region at 230 m pix −1 . CRISM targeted images, which have a much higher spatial resolution (20-40 m pix −1 ) but cover far less areal extent, allowed us to study the geologic context of these mafic materials. Unlike previous studies that identified mafic mineral signatures in the northern plains in sand dunes that accumulated on the floor of impact craters [Rogers and Christensen, 2003 ], we showed here that crater ejecta and in situ bedrock exposures in crater rims, walls, and central peaks are enriched in both olivine and clinopyroxene of varying spectral strengths. When used in conjunction with high-resolution visible imagery (i.e., HiRISE and CTX), spectrally unique units can be linked to individual layers visible in many craters. In Chryse and southern Acidalia planitiae especially, mafic bedrock exposures are visible just meters below the surface.
[33] These mafic signatures are nearly completely hidden in the intercrater plains, as is evident in data from lowerresolution imaging spectrometers. Obscuration of the underlying mafic material by sediments derived from the outflow channels, the VBF, latitude-dependent processes, and the presence of weathering rinds have likely all acted in concert to conceal the underlying mineralogy. In addition, local obscuration heterogeneities are also evident. For example, the identification of mafic signatures is often restricted to equator-facing slopes along crater walls, rims, and central peaks. Oppositely, mafic signatures along polefacing slopes are extremely weak or absent. Obscuration is, thus, likely a latitude-dependent process as well. While near-surface bedrock layers often exhibit mafic signatures in southern Acidalia and Chryse planitiae, mafic signatures only become apparent in crater ejecta and central peaks in northern Acidalia Planitia. In addition, mafic signatures become more spatially diffuse with increasing latitude, making it extremely difficult to link these signatures to individual bedrock layers.
[34] The presence of olivine and clinopyroxene in the shallow subsurface of Acidalia and Chryse planitiae implies that a primarily basaltic unit lies just below the surface in this region. Similar mineralogic suites are found elsewhere across Mars in regions of Hesperian-aged volcanism including Syrtis Major. This observation is also consistent with previous studies that attribute the formation of the Hesperian ridged plains to widespread basaltic lava flows . Additionally, while evidence of highly evolved lavas exists on small spatial scales [Christensen et al., 2001] , the lack of widespread andesitic deposits in this region supports the theory that magmatic differentiation was likely an extremely limited and local phenomenon [McSween et al., 2009] . 
